The propeptide form of the lectin from the garden pea (Pisum satiuum agglutinin) has been expressed in Escherichia coli by attaching its cDNA to an inducible promoter. By a number of criteria, including the ability to form dimers, hemagglutination titer, Western blot, and enzyme-linked immunosorbent assay, the resulting propeptide molecule is virtually indistinguishable from the mature proteolytically processed lectin isolated from peas. Preliminary crystallization experiments using the recombinant propeptide lectino yield crystaJs in space group eP2120121 with a = 64.8 A, b = 73.8 4, and c = 109.0 A (1 A = 0.1 nm) that diffract to 2.8-A resolution. This unit cell size is quite similar to the unit cell determined for native pea lectin, suggesting that the overall structure of the recombinant prolectin is virtually identical.
Lectins are a class of nonimmune carbohydrate binding proteins that have specificity for particular sugar residues (1) and serve as excellent structural models for important protein-complex carbohydrate interactions. The molecular structures of three plant-derived lectins, determined by x-ray crystallographic procedures, have been reported and include pea lectin (Pkurn satiuurn agglutinin) (2, 3), fava bean lectin ( Vicia faba) (4), and concanavalin A (Canaualia ensiformis) (5, 6). These lectins all have similar structures in spite of considerable differences in amino acid sequence and polypeptide chain arrangement. The cDNA complementary to pea lectin mRNA has been cloned and sequenced (7) and indicates that pea lectin is synthesized in prepro form. During processing to the mature form, a leader sequence is removed cotranslationally and the resultant prolectin is processed post-translationally to yield the @-and a-chain.
In order to investigate the details of lectin-complex carbo- 
MATERIALS AND METHODS'

RESULTS
Construction of the Expression Vector pPL21
pPS15-50 is a derivative of pBR322 which contains a cDNA, insert coding for the complete mature pea lectin protein (7). To express this protein in Escherichia coli, several changes were made in this cDNA sequence ( Fig. 1): 1) An internal BamHI site was removed through a single base change without altering the amino acid encoded. This mutation was made because a unique BarnHI cleavage site is required to ligate the XPL promoter to the pea lectin coding sequence.
2) Because the mature form of native pea lectin is believed to terminate at or near Ser-239 (9), a stop codon and Hind111 restriction site were created immediately following codon 239 to generate plasmid pD21. A single oligonucleotide was used to introduce both changes to the sequence.
3) A synthetic linker was used to adapt the 5' end of the pea lectin coding sequence for ligation to the XPL promoter from plasmid pAS1. The resulting plasmid is predicted to
The "Materials and Methods" are presented in miniprint at the end of this paper. The abbreviations used are: ELISA, enzyme-linked immunosorbent assay; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; BSA, bovine serum albumin. Miniprint is easily read with the aid of a standard magnifying glass. Full size photocopies are included in the microfilm edition of the Journal that is available from Waverly Press.
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Structure of the Pea Lectin Propeptide Expressed in E. coli contain only three extra amino acids at the amino terminus prior to the start of the processed pea lectin sequence.
Expression and Purification of Pea Lectin pPL21 was transferred into the E. coli strain N4830, a strain of E. coli which possesses a temperature-sensitive mutation in the gene for the X repressor. The cells were induced a t mid-log phase by shifting the temperature to 42°C. Time points were collected from the culture every 30 min for 2 h. The proteins present in crude lysates from each time point were analyzed by electrophoresis through a 12.5% sodium dodecyl sulfate-acrylamide gel and stained with Coomassie Blue (10). An induced band that migrates with an apparent molecular mass of 23 kDa is visible in the pPL21 lysates (data not shown). The identity of the protein induced was determined to be pea lectin from a Western blot performed on the same crude lysates (Fig. 2, lanes 2 and 3 ) . After purification the protein appeared as a single band on silver-stained sodium dodecyl sulfate-acrylamide gels. Construction of expression vector pPL21. pPL21 was generated from pUC119, the XPL promoter from pAS1, and the pea lectin coding sequence from pPS15-50, as described under "Materials and Methods." Three modifications made to the pea lectin coding sequence are shown. 1) A synthetic linker was ligated to the BcZI site which introduced a BumHI site just upstream of the amino-terminal Thr. The location of this restriction site allows in-frame ligation of the coding sequence to the promoter. 2) Site-directed mutagenesis was used to eliminate an internal BamHI site. 3) A stop codon and a Hind111 restriction site were created using site-directed mutagenesis. 
Functional Assays of Recombinant Pea Lectin
In order to show that the recombinant molecule was similar in function and structure to the proteolytically processed native lectin, a series of assays were used to compare the activities of the two molecules.
Gel Filtration Assays-Native pea lectin has been shown to be a dimer in solution (11). Although hemagglutination activity requires that the recombinant lectin form at least a dimer, gel filtration chromatography was used to determine the molecular weight of the protein a t physiological pH in solution. Preliminary fast protein liquid chromatography data on the recombinant lectin show that it exists primarily as a dimer in solution at pH 6.8 (data not shown).
Western Blots-The antigenic sites present in denatured recombinant and denatured wild type pea lectin molecules were compared by Western blotting. Ten-fold dilutions of both lectins were loaded onto 12.5% sodium dodecyl sulfateacrylamide gels (Fig. 2) . Both proteins bind rabbit anti-pea lectin antibody. The sensitivity of the blot for the recombinant and native proteins were 10 and 100 ng, respectively. Although lane 11 in Fig. 2 contains 10-fold more protein than lane 10, densitometry scans of the blot show that the band in lane 11 is only two to three times as intense as the one in lane 10. The identity of the two bands around molecular mass 50 kDa is unknown but may be nondenatured dimers of the protein.
Only the 17-kDa subunit of native pea lectin appeared on Western blots even when electrophoresis was stopped before the 6-kDa subunit ran off the gel, suggesting that the antigenic sites recognized by the polyclonal antibody are located primarily in the larger subunit.
Enzyme-linked Immunosorbent Assays-As a measure of the undenatured structures of the native and recombinant lectin molecules, an enzyme-linked immunosorbent assay was used to compare the amounts of native and recombinant protein by titrating the amount of protein detected with a standard volume of polyclonal anti-pea lectin antibody. Both proteins are recognized by the antibody, indicating that the proteins present similar antigenic sites in solution (data not shown).
Hemagglutination Assays-Native pea lectin has been shown to agglutinate red blood cells. The hemagglutination activity of the recombinant molecule was compared to that of the native lectin at two different pH values. The titer of the recombinant protein was about two times that of the native protein at both values of pH (Fig. 3) . The titer of the recombinant protein may appear to be higher as a result of denaturation of the native lectin during the storage and manipulation of the native protein. Unlike the native lectin, in which each monomer is composed of an a-and &chain, the singlechain recombinant molecule can renature.
Preliminary Crystallography Results
The lectin has been crystallized by vapor-diffusion equilibration at 4 "C out of 2O-pl droplets hanging from siliconized coverslips inverted on Linbro tissue culture plates (12). The droplets initially consisted of 10 ~1 of the protein at a concentration of 20 mg/ml in distilled/deionized water plus 10 ~1 of a solution that contained 2% (w/v) polyethylene glycol 3350 in 20 mM sodium cacodylate buffer (pH 5.0). The reservoir solution was 20 mM sodium cacodylate buffer (pH 5.0) with 40% (w/v) polyethylene glycol 3350. Small prisms having average dimensions 0.15 X 0.2 X 0.2 mm appeared after several weeks. One of these crystals was mounted in a 0.3-mm glass capillary, and diffraction patterns were recorded on a San Diego Multiwire System electronic area detector using CuK, This cell is quite similar to that reported by Wang et al. (13) for native pea lectin and by Rini et al. (14) for native pea lectin complexed with carbohydrate. Images of still andooscillation exposures indicate the crystals diffract to 2.8 A. Attempts to grow larger crystals and collection of a native data set are underway.
DISCUSSION
The results reported in this paper demonstrate that the recombinant lectin expressed from plasmid pPL21 in E. coli has a structure and carbohydrate binding activity virtually indistinguishable from that of native pea lectin. The recombinant protein appears to have a higher titer than native pea lectin in the hemagglutination assays and is detected with a higher sensitivity using immunological methods. These observations may be the result of irreversible denaturation of the native lectin during storage and physical manipulations. The recombinant form of the protein is a single polypeptide chain that can be unfolded and refolded to form dimers after denaturation, whereas the native lectin molecule is processed into two chains which are irreversibly separated when the protein is denatured. The hemagglutination activity of the protein was examined at two pH values, because the conditions for crystal growth require pH values lower than 6.0. Similar shifts in titer measured for the two forms of the protein were observed and gave some indication that the additional amino acids present in the recombinant molecule will not significantly alter the structure at a lower pH.
At least two legume lectins have been expressed in E. coli (8, 15). Stubbs et al. (8) have reported the expression of a functional recombinant pea lectin which differs from the molecule reported in this paper in two respects: 1) the method used for induction and 2) the amino acid structure at each end of the resulting recombinant lectin. The molecule produced by Stubbs et al. (8) contains 17 extra amino acids at the amino terminus and 6 extra amino acids at the carboxyl terminus which are not present in the mature native lectin. The molecule reported here contains only three extra hydrophilic amino acids at the amino terminus. Since the amino terminus is on the surface of the molecule, this difference may have facilitated the crystallization of the recombinant protein reported here. In both cases, the two recombinant lectins are not proteolytically cleaved by the removal of amino acids 182-187 in E. coli, as is the case for the native protein isolated from peas (7). Both of these recombinant lectin molecules are structurally and functionally similar or identical to the native pea lectin protein, as demonstrated by Western blot, hemagglutination, and hemagglutination inhibition assays. In addition, both enzyme-linked immunosorbent assays and crystal growth experiments have been used to demonstrate further the functional and structural similarities between the recombinant molecule reported here and native pea lectin. Hoffman and Donaldson (15) have reported the synthesis of a phytohemagglutinin-L protein in E. coli. The functional characteristics of that protein are consistent with those of native phytohemagglutinin-L. Taken together, these experiments suggest that functional legume lectins can be expressed in bacteria and that these recombinant lectins share the structural and functional properties characteristic of their counterparts isolated from natural sources.
The recombinant pea lectin crystallizes in a cell with dimensions very similar to that observed for wild type pea lectin by others. This suggests that the structures of the two molecules are very similar, as expected. The structure of the trimannose-pea lectin complex has been solved by Rini (17), and the coordinates of the protein moiety of this complex could be used as a starting structure for the uncomplexed recombinant molecule reported here. It is also possible to solve the structure of the recombinant pea lectin by molecular replacement using the wild type pea lectin structure as a search model similar to the method used to solve the structure of the trimannose-pea lectin complex.
Although the x-ray crystal structures of concanavalin A and pea lectin complexed with carbohydrates have been solved (4, 16, 17), the locations and compositions of complex carbohydrate binding sites of legume lectins have so far been difficult to determine conclusively. All of these proteins bind a variety of carbohydrates with varying binding constants, and the specific substrate in nature is not known (although interactions between legume lectins and lipopolysaccharides of Rhizobia have been reported (18)). By generating sitespecific mutants of pea lectin, it should be possible to better define the carbohydrate binding site and to determine which molecular contacts are made upon binding of various carbohydrates. This information may then be combined with the crystal structures of wild type and mutant lectins, so that changes in the binding constants resulting from the alteration of amino acid residues might be distinguished from changes caused by disruption of their overall structures.
Our success in crystallizing the recombinant protein will allow us to pursue studies of carbohydrate binding which are not possible with the wild type protein. We plan to prepare
